Objective: To determine the relation between markers of kidney disease-estimated glomerular filtration rate (eGFR) and urine albumin to creatinine ratio (UACR)-with cerebral blood flow (CBF) and white matter volume (WMV) in hypertensive adults.
implications with respect to risk for cerebrovascular disease. Albuminuria is independently associated with ischemic and hemorrhagic stroke, whereas reduced estimated GFR (eGFR) is principally linked to an elevated risk of ischemic stroke. 2 The physiologic mechanisms underlying these differences in stroke risk have not been elucidated. In crosssectional studies, albuminuria and reduced eGFR have each been associated with white matter disease. [3] [4] [5] [6] However, it remains unclear whether albuminuria and reduced eGFR are independent markers of white matter disease, as some previous studies did not account for both CKD markers simultaneously, and all included patients with diabetes, which itself is a risk factor for white matter disease.
Using baseline neuroimaging data from nondiabetic hypertensive adults participating in the Systolic Blood Pressure Intervention Trial (SPRINT), we sought to characterize the relations between eGFR and albuminuria with CBF and abnormal white matter volume (WMV), a marker of cerebral white matter disease.
The study is listed on clinicaltrials.gov (NCT01206062) METHODS Study design and recruitment. SPRINT is a randomized clinical trial testing whether reducing systolic blood pressure to ,120 mm Hg will reduce cardiovascular events as compared to a systolic blood pressure target of ,140 mm Hg. The study design and methods have been described previously. 10 Between November 2010 and March 2013, SPRINT recruited 9,361 participants age $50 years with hypertension. Eligible participants had a systolic blood pressure between 130 to 180 mm Hg, depending on the number of antihypertensive medications they were receiving during screening, and at least 1 of 4 cardiovascular risk factors: the presence of clinical or subclinical cardiovascular disease (CVD), an eGFR 20-59 mL/min/1.73 m 2 , a Framingham 10-year risk score $15%, or age $75 years. Major exclusion criteria included diabetes mellitus, history of stroke, cardiovascular event or procedure in the prior 3 months, symptomatic heart failure in the past 6 months or left ventricular ejection fraction ,35%, proteinuria .1 g/d or the equivalent based on spot urine measurement, polycystic kidney disease, recent immunosuppression, coexisting disease likely to affect survival, and organ transplant.
A subset of SPRINT participants were recruited for the SPRINT Memory and Cognition in Decreased Hypertension Magnetic Resonance Imaging (SPRINT MIND MRI) substudy. In 2012, additional participants were recruited through the ancillary study MIND the Kidneys.
Participants from 11 clinical centers in SPRINT were screened for MRI eligibility. Exclusion criteria included claustrophobia or an MRI-incompatible metal or electrical device implant.
A total of 779 participants completed a baseline MRI. Of these, 28 were excluded for poor image quality, 38 for having the MRI scan performed .90 days after randomization, 28 for missing eGFR or urine albumin to creatinine ratio (UACR) measurements, 8 for missing other covariates, and 12 for self-report of diabetes. Thus the analytic cohort included 665 participants.
Standard protocol approvals, registrations, and patient consents. Institutional review boards at all clinical sites approved the study protocol and all participants signed informed consent.
MRI protocol. We conducted the standardized MRI protocol on 3.0T scanners and included sagittal 3D fluid-attenuated inversion recovery (FLAIR), T2-weighted, and T1-weighted sequences with whole brain coverage, and an axial ASL perfusion sequence (appendix e-1 on the Neurology ® Web site at Neurology.org). The MRI scanners were from 3 manufacturers (Siemens, Munich, Germany; Philips, Best, the Netherlands; GE Healthcare, Cleveland, OH) and had identical field strength. All scanners ran similar pulse sequences except for ASL, for which 2 manufacturers (10 centers) utilized a 2D pseudocontinuous ASL and one utilized a 3D pseudocontinuous ASL sequence.
The University of Pennsylvania managed MRI quality control. Each field center performed quarterly phantom scans for the evaluation of scanner stability and image distortion using Alzheimer's Disease Neuroimaging Initiative (3D imaging sequences) and Function Bioinformatics Research Network (physiologic sequences) phantoms. MRI scanner performance across the clinical centers was stable over the duration of the study.
We first preprocessed T1 scans to correct intensity inhomogeneities. 11 We then partitioned the brain into 148 anatomical regions of interest (ROIs) by applying a multi-atlas consensusbased label fusion method on atlas ROIs aligned to subject space through nonlinear registration. 12 These ROIs were collapsed into 10 larger ROIs for this analysis, as well as CSF. White matter lesions were segmented to further characterize the brain tissue in ROIs as normal and abnormal, with abnormal WMV the outcome of interest. We used a supervised learning-based multimodal segmentation technique, which has been previously validated using expert-defined data. 13 The method uses a support vector machine classifier that is trained on a set of expert-defined abnormal white matter lesions, and the model is used to classify abnormal WMV in new scans. For algorithm training purposes, abnormal WMV was operationally defined as a nonmass lesion having fast spin-echo FLAIR signal intensity greater than that of normal gray matter in a vascular distribution. We applied a standard quality control procedure, consisting of visual inspection of final segmentations for a randomly selected subset of subjects, as well as automated outlier detection on quantitative results to ensure the quality of the final data.
We transformed ASL maps into CBF maps, with the values at each voxel in the map representing mean blood flow in mL/100 g/min. 14 The CBF maps were then registered to the Jakob atlas so that mean CBF could be calculated for whole brain and within individual ROIs.
Assessment of kidney disease. We measured serum creatinine, urine albumin, and urine creatinine using samples collected at the baseline visit. Serum and urine creatinine were measured using a method traceable to isotope dilution mass spectrometry. Urine creatinine was measured with the Siemens ProSpec nephelometric analyzer. We calculated the eGFR with the Chronic Kidney Disease Epidemiology Collaboration equation, and categorized participants as $60 mL/min/1.73 m 2 or ,60 mL/min/1.73 m 2 based on clinical practice guidelines. 15 We calculated the UACR Covariates. At the baseline visit, participants completed questionnaires ascertaining sociodemographic information, medical and family history, and health behaviors. Height, weight, and blood pressure were recorded by trained study personnel. We defined CVD as self-report or clinical evidence of coronary artery disease or peripheral arterial disease. 10 We categorized smoking status as current, former, or never smokers. We categorized alcohol use as nondrinker (,1 drink per month), light drinker (1-2 drinks per week), moderate drinker ($3 drinks per week but ,1 drink per day), or heavy drinker ($1 drink per day). We measured lipids using fasting blood specimens. We calculated the 10-year Framingham risk score using age, sex, total cholesterol, high-density lipoprotein cholesterol, smoking status, systolic blood pressure, and use of blood pressure medications.
Statistical analysis. We expressed continuous variables as mean 6 SD or median (interquartile range [IQR]), and compared these using t tests or Wilcoxon rank-sum tests as appropriate. We expressed categorical variables as proportions and compared them using x 2 tests or Fisher exact tests for variables with low cell frequencies. We used quantile (median) regression to model the relation between eGFR or UACR with CBF and abnormal WMV. We used quantile regression because (1) the outcome distributions, particularly for abnormal WMV, were highly skewed and thus not amenable to transformation; and (2) effect estimates are computed on the original scale of measurement, and so are more readily interpretable. We fit quantile regression models using the quantreg package for the R Statistical Computing Environment, using bootstrap resampling (5,000 replicates) to estimate standard errors for model coefficients. 18, 19 For each of the MRI outcomes, we adjusted for intracranial volume, age (mean-centered and then modeled as a quadratic polynomial), sex, race/ethnicity, education, smoking, alcohol consumption, history of CVD, systolic blood pressure, diastolic blood pressure, use of angiotensin-converting enzyme (ACE) inhibitors, use of angiotensin II antagonists, and MRI scanner type. The eGFR models were additionally adjusted for UACR, and the UACR models were additionally adjusted for eGFR. The primary CBF analysis utilized whole brain CBF. Secondary analyses assessed CBF in 10 ROIs, correcting for multiple comparisons using the false discovery rate. 20 These analyses expressed differences in CBF for eGFR and albuminuria groups as a percentage relative to CBF in the referent group within each ROI. Next, we assessed the joint association between eGFR and albuminuria with CBF and WMV. For these analyses, we categorized patients into 4 strata: eGFR $60 and UACR ,30 mg/g (the referent group), eGFR ,60 and UACR ,30 mg/g, eGFR $60 and UACR $30 mg/g, and eGFR ,60 and UACR $30 mg/g. Unless otherwise mentioned, all analyses were performed using either SAS v9.4 (Cary, NC) or the R Statistical Computing Environment.
RESULTS Participant characteristics. Of the 665 participants in the analytic cohort, there were 218 participants (32.3%) with eGFR ,60 mL/min/1.73 m 2 . Of these 218 participants, 75 had an eGFR ,45 mL/ min/1.73 m 2 . There were 146 participants (22%) with albuminuria. Of these 146 participants, 127 had a UACR 30,299 mg/g, and 19 had a UACR $300 mg/g. Participant characteristics stratified by eGFR and albuminuria status are shown in table 1. Participants in the cohort had a median CBF of 44.6 mL/100 g/min (IQR 37.0-53.7) and median abnormal WMV of 0.76 cm 3 (IQR 0.25-2.11).
Relation of eGFR with CBF and abnormal WMV.
Median CBF adjusted for MRI scanner was 1.85 mL/100 g/min (95% confidence interval [CI] 20.14, 3.83), higher among participants with eGFR ,60 mL/min/1.73 m 2 vs $ 60 mL/min/1.73 m 2 . After additional adjustment for UACR, age, sex, race/ethnicity, education, smoking, alcohol consumption, history of CVD, systolic blood pressure, diastolic blood pressure, use of ACE inhibitors, and use of angiotensin II antagonists, median CBF remained higher for eGFR ,60 mL/min/1.73 m 2 (vs $60 mL/min/1.73 m 2 ) but this did not reach statistical significance (table 2). To assess for threshold effects, we then evaluated CBF in 4 eGFR categories. Compared to participants with eGFR $90 mL/min/ 1.73 m 2 , median CBF was not significantly different among participants with eGFR 45-89 mL/min/1.73 m 2 , but was 4.83 mL/100 g/min higher (95% CI 0.56, 9.10) among participants with eGFR ,45 mL/min/1.73 m 2 (table 2) . Median abnormal WMV adjusted for MRI scanner was 0.48 cm 3 (95% CI 0.21, 0.75) higher among participants with eGFR ,60 mL/min/1.73 m 2 vs $ 60 mL/min/1.73 m 2 . After adjustment for the same set of covariates, there was no significant difference in abnormal WMV between participants with eGFR ,60 mL/min/1.73 m 2 vs $ 60 mL/min/1.73 m 2 (table 2). The results were similar when we stratified participants into additional eGFR categories.
Relation of albuminuria with CBF and abnormal WMV.
Median CBF adjusted for MRI scanner was 0.73 mL/ 100 g/min (95% CI 20.22, 1.67) higher with each SD increase in log(UACR). After additional adjustment for eGFR, age, sex, race/ethnicity, education, smoking, alcohol consumption, history of CVD, systolic blood pressure, diastolic blood pressure, use of ACE inhibitors, and use of angiotensin II antagonists, UACR was not significantly associated with CBF (table 2) . Similarly, there were no significant differences in CBF when we stratified participants as UACR ,30 and $30 mg/g.
Conversely, in analyses adjusted for MRI scanner and intracranial volume, UACR was linearly associated with larger abnormal WMV. This result remained significant after additional adjustment for eGFR and other covariates (table 2) . CBF in white matter and gray matter. The percentage difference in median CBF was significantly higher for participants with eGFR ,60 mL/min/1.73 m 2 vs $60 mL/min/1.73 m 2 in 6 of the 12 ROIs evaluated (table 3) . Relatively larger differences in CBF were noted in white matter regions and in temporal gray matter. Conversely, there were no significant differences in CBF in any ROIs according to albuminuria status.
Joint effects of eGFR and albuminuria. Compared to participants without CKD (eGFR $60 mL/min/ 1.73 m 2 and UACR ,30 mg/g), unadjusted median CBF was not significantly different among participants with one or both markers of CKD ( figure) . In adjusted analyses, median CBF was higher among participants with albuminuria alone or reduced eGFR alone, reaching statistical significance for participants with both markers of CKD (5.03 mL/100 g/min, 95% CI 0.78, 9.29, table 4) . Consistent with additive effects of reduced eGFR and UACR, a test for statistical interaction was not significant (p 5 0.97).
In unadjusted analyses, abnormal WMV was larger among participants with one or both markers of CKD compared to participants without CKD (figure) . A similar pattern to CBF was seen after adjustment, with incrementally larger abnormal WMV for participants with albuminuria alone or reduced eGFR alone, reaching statistical significance for participants with both markers of CKD (0.63 cm 3 , 95% CI 0.08, 1.17, table 4 ). There was no evidence of statistical interaction between reduced eGFR and UACR (p value 0.27). DISCUSSION This study, in a large cohort of nondiabetic hypertensive adults, has several important findings. First, reduced eGFR was associated with higher Table 2 Adjusted associations of eGFR and albuminuria with cerebral blood flow and abnormal white matter volume eGFR No. Abbreviations: CI 5 confidence interval; Cr 5 creatinine; eGFR 5 estimated glomerular filtration rate; UACR 5 urine albumin to creatinine ratio; WMV 5 white matter volume. a Estimates represent median difference and are adjusted for intracranial volume, age, sex, race/ethnicity, education, smoking, alcohol consumption, history of cardiovascular disease, systolic blood pressure, diastolic blood pressure, use of angiotensin-converting enzyme inhibitors, use of angiotensin II antagonists, and MRI scanner type. eGFR models are additionally adjusted for UACR, and albuminuria models are additionally adjusted for eGFR.
CBF, independent of UACR and other confounders, whereas UACR was not independently associated with CBF after controlling for eGFR. Second, UACR was linearly associated with larger abnormal WMV, independent of eGFR and other confounders, whereas reduced eGFR was not independently associated with abnormal WMV after controlling for UACR.
In the current study, higher CBF among participants with reduced eGFR was not explained by differences in blood pressure, the main determinant of cerebral perfusion pressure, or other clinical characteristics. The relative difference in CBF was more pronounced in white matter, which has lower basal CBF and may be more vulnerable to ischemia under conditions of hemodynamic stress than gray matter regions. Related to this observation, elevated CBF was apparent at a higher eGFR threshold in white matter (eGFR ,60 mL/min/1.73 m 2 ) than for total CBF (eGFR ,45 mL/min/1.73 m 2 ). Previous small studies have assessed CBF with SPECT in patients receiving hemodialysis, and have reported both higher 21, 22 and lower 23 CBF compared to patients with normal kidney function. A recent population-based cohort study that utilized phase-contrast imaging to assess CBF found that lower eGFR was associated with lower CBF. 24 Differences in the method of assessing CBF or in cohort characteristics such as the prevalence of CKD, which was higher in the current study, might explain the difference in findings. Alternatively, a nonlinear association between eGFR and CBF may exist that was not detected due to the distribution of eGFR in each cohort.
Elevated CBF may be a marker of impaired autoregulation. When autoregulatory capacity is lost, CBF changes linearly with blood pressure. This may predispose patients to hyperperfusion or hypoperfusion, particularly in arterial watersheds. 25 Alternatively, higher CBF might reflect higher metabolic demand, development of collateral circulation, or reduced arterial oxygen content related to anemia. Although the current study is not able to directly distinguish between these possibilities, several other lines of evidence support a link between reduced eGFR and impaired autoregulation. [26] [27] [28] Albuminuria, but not eGFR, was independently associated with abnormal WMV. This finding confirms and extends previous cross-sectional studies in several ways. 5, 6, 29, 30 First, prior studies had limited power due to the small numbers of participants with eGFR ,45 mL/min/1.73 m 2 . Other studies excluded individuals with serum creatinine concentrations .2 mg/dL (approximately an eGFR ,45 mL/min/1.73 m 2 ). 29 In addition, it was not clear from earlier studies whether the relation between albuminuria and abnormal WMV was independent of diabetes. This is Table 3 Median percent difference in cerebral blood flow in regions of interest, stratified by clinical eGFR and albuminuria thresholds important because diabetes is associated with white matter injury, which may have both vascular and nonvascular origins. 31, 32 Albuminuria is increasingly recognized as a marker of not only abnormal glomerular capillary permeability, but of systemic endothelial dysfunction. Endothelial dysfunction in the glomerular capillaries leads to loss of serum proteins into the urine; a similar process in the brain microvasculature might lead to escape of serum proteins into brain perivascular spaces, causing white matter injury. 33 This study has several limitations. First, clinical trial participants may not be representative of the general population. However, hypertension is a common clinical condition and SPRINT had few exclusions. Second, we classified participants based on a single measurement of serum creatinine and UACR. Serum creatinine-based estimates of GFR may misclassify individuals with low muscle mass. However, misclassification would be expected to bias the results towards the null. Third, anemia may affect the quantification of CBF using ASL. 34 Hematocrit was not assessed in SPRINT; however, the degree of anemia typically present in patients with CKD 35 is not likely to fully explain the CBF differences found here. Fourth, while our study sample was larger than many previous studies, we had limited power to assess the joint relationship of reduced eGFR and albuminuria. Abbreviations: CI 5 confidence interval; eGFR 5 estimated glomerular filtration rate; UACR 5 urine albumin to creatinine ratio; WM 5 white matter. a Estimates represent median difference and are adjusted for intracranial volume, age, sex, race/ethnicity, education, smoking, alcohol consumption, history of cardiovascular disease, systolic blood pressure, diastolic blood pressure, use of angiotensin-converting enzyme inhibitors, use of angiotensin II antagonists, and MRI scanner type. eGFR models are additionally adjusted for UACR, and albuminuria models are additionally adjusted for eGFR.
Thus, we cannot exclude the possibility that reduced eGFR and albuminuria have additive, independent effects on CBF and abnormal WMV. Finally, because this is a cross-sectional study, we were unable to determine whether reduced eGFR and albuminuria might be causes of abnormal CBF and WMV, or markers. This study also has several strengths, including the large racially and geographically diverse study population, concurrent assessment of eGFR and albuminuria to characterize kidney disease, and quantitative assessment of CBF and WMV. We found that reduced eGFR was associated with higher CBF and albuminuria was associated with larger abnormal WMV. While the interrelationship among kidney disease, kidney disease markers, and brain structure and function is multifaceted, these findings provide insight into the hemodynamic and structural changes within the brain that may contribute to stroke risk in patients with kidney disease.
